Vertical farming using light-emitting diode offers potential for the early production phase (few weeks) of young ornamental plants. However, once transferred to the greenhouse, the photosynthetic acclimation of these young plants might depend on this initial light regime. To obtain insight about this acclimatization, Chrysanthemum (sun species) and Spathiphyllum (shade species) were preconditioned in growth chambers for 4 weeks under four light qualities: blue (B), red (R), red/blue (RB, 60% R) and white (W) at 100 μmol m −2 s −1 . Monochromatic light (R and B) limited leaf development of both species, which resulted in a lower leaf mass per area when compared to multispectral light (RB for Chrysanthemum, RB and W for Spathiphyllum). R-developed leaves had a lower photosynthetic efficiency in both species. After the light quality pretreatment, plants were transferred to the greenhouse with high-intensity natural light conditions. On the first day of transfer, R and B preconditioned leaves of both species had an inhibited photosynthesis. After 1 week in natural light condition, rapid light curve parameters of Chrysanthemum leaves that developed under B acclimated to sunlight had a similar level than RB-developed leaves unlike R-leaves. Spathiphyllum leaves showed a decrease in maximum electron transport rate and this was most pronounced for the R pretreatment. After 1 month, R-preconditioned Chrysanthemum had the lowest dry mass, while no effects on the dry weight of Spathiphyllum with respect to the pretreatments were observed. Light quality during preconditioning affected the leaf ability to acclimate to natural high light intensities in greenhouse environment.
Introduction
As a key environmental factor, light affects plant and leaf morphology and physiological performance. Plants that developed under a specific irradiance are adapted to this light environment (Oguchi et al. 2003) . For example, sungrown leaves are thicker and have a well-developed Abbreviations -AGR, absolute growth rate; B, blue light; CF, chlorophyll fluorescence; Chl, chlorophyll; EC, electrical conductivity; ETR, electron transport rate; ETR max , maximum ETR; LED, light-emitting diode; LMA, leaf mass per area; NPQ, nonphotochemical quenching; PAR, photosynthetically active radiation; PPFD, photosynthetic photon flux density; PS, photosystem; qP, photochemical quenching; R, red light; RB, mixed red and blue light; RLC, rapid light curve; UV, ultraviolet; W, white light; Φ PSII , quantum yield of Photosystem II electron transport; Φ NPQ , quantum yield of non-photochemical quenching; Φ NO , quantum yield of non-regulated energy dissipation.
palisade layer with a high proportion of columnar cells to arrange all chloroplasts along the cell surface (Dörken and Lepetit 2018) , while shade-grown leaves have more chlorophyll (Chl)-containing light-harvesting proteins relative to light-using enzymes involved in electron transport and metabolism, meaning that photosynthesis saturates at lower irradiances (Evans and Poorter 2001) . In terms of light quality, monochromatic red light irradiation generally results in a decrease of leaf thickness (Shengxin et al. 2016, Zheng and Van Labeke 2017a) . Blue light-enriched illumination is reported to be beneficial in the enlargement of palisade cells or development of multiple layers of palisade cells (Table S1 , Shengxin et al. 2016, Zheng and Van Labeke 2017b) , which can favor photosynthetic acclimation (Abidi et al. 2013 , Calzavara et al. 2015 , Sanches et al. 2016 . Metabolism of plants, including the antioxidative status, is influenced by light environment (Ouzounis et al. 2014 , Meng et al. 2019 . Proline is known for its protective function under abiotic stress (Koca et al. 2007 ) and higher proline levels were found when leaves developed under monochromatic blue for Chrysanthemum (Zheng and Van Labeke 2017a) and strawberry (Meng et al. 2019) . Low light is associated with the increase of photosynthetic pigments, which contributes to improved light-harvesting capacity of the leaves. Blue photons are also reported to beneficially increase the Chl a/b ratio (Abidi et al. 2013) , which is consistent with the decrease in the size of the photosystem (PS) II light-harvesting antenna complex (Bailey et al. 2001) .
Light is an indispensable energy source for plant photosynthesis, although it may also be a stress-causing factor. Plants exhibit remarkable plasticity and adaptability to changing light conditions by varying the organization of their photosynthetic apparatus and adapting their morphological characteristics. High plasticity in photosynthetic acclimation of mature leaves would be advantageous when irradiance suddenly increased such as under sunflecks in natural ecosystems (Oguchi et al. 2005) or from relative low light intensities in climatecontrolled vertical farming systems to the more dynamic greenhouse environment as might be the case in horticultural production. Vertical farming systems could be of interest for young plant production in order to increase space/energy use efficiency. Light-emitting diodes (LEDs) are commonly utilized in these systems, which provide the young plants with a suitable light spectrum although applied light intensities are relatively low. However, this young plant phase is relatively short and plants are then transferred to the greenhouse environment for further production.
Differences in photosynthetic characteristics or in antioxidant content of leaves that developed under a specific light regime could potentially lead to differences in acclimation when plants are subjected to a full sunlight spectrum and to high irradiances. Acclimation of low light leaves to higher irradiance results in an increase of the maximum photosynthetic rate (Naidu and DeLucia 1997, Oguchi et al. 2003) , although these leaves may not achieve the assimilation level of leaves that developed under high irradiance (Frak et al. 2001) . Exposure of the low light-grown leaves to high light intensities may results in light stress as the absorbed excessive light energy cannot be used for CO 2 fixation. Plants will, however, develop diverse photoprotection mechanisms to avoid net photoinhibition (Takahashi and Badger 2011) . One of the important light acclimation strategies in plants is to dissipate the excess excitation energy and optimize photosynthesis under variable light conditions. Failure to dissipate and quench the excess energy can be highly damaging to the photosynthesis machinery and is often visible as chlorosis, bleaching or bronzing of leaves (Karpi nski et al. 2013) .
Compared to controlled conditions, plants in the greenhouse not only face changing light conditions but also air temperature will fluctuate with respect to the ambient sunlight, thus also influencing photosynthetic acclimation (Berry and Bjorkman 1980, Yamori et al. 2014) . Here, we aimed to obtain insight into the ability of leaves, initiated and matured under different narrow-band spectral light qualities, to adapt to a dynamic diurnal light regime in greenhouses. We selected two plant species with contrasting light saturation levels under natural conditions: Chrysanthemum with light saturation levels between 500 and 600 μmol m −2 s −1 at leaf level (Weerakkody and Suriyagoda 2015) and Spathiphyllum with light saturation levels between 200 and 300 μmol m −2 s −1 (Neretti 2009 ). We pretreated them with relatively low intensities of monochromatic blue and red, its dichromatic combination (red + blue) and multispectral white light. As earlier results revealed that blue light had a positive effect on the leaf anatomical development and induce higher levels of proline, which is a known stress protectant, we hypothesize that blue light will have a positive effect on the acclimation capacity of leaves to highintensity full spectrum sunlight. Therefore, we studied both photosynthesis and Chl fluorescence parameters, including the rapid light curve (RLC), during the first week of high light intensity acclimation. In addition, we measured dry mass accumulation after 1 month in greenhouse conditions to investigate the long-term effect of light quality treatments.
Materials and methods

Plant material
Rooted cuttings of Chrysanthemum morifolium 'Bolero' and young plants (in vitro acclimated plants) of Spathiphyllum wallisii 'Alfetta' were selected as experimental plants. The experiment with Spathiphyllum started on 15 April 2016, while the experiment with Chrysanthemum started on 13 May 2016. At the start of the experiment, the plants were transplanted in 0.3-l pots with commercial peat-based potting substrate (Van Israel NV). Plants were randomly attributed to a light quality treatment (25 plants per treatment and species). For each lot of 25 plants, 4 plants were randomly labeled for photosynthesis and Chl fluorescence measurements and 8 plants were labeled for dry matter determination at t 0 (n = 4) and t 30 (n = 4).
Light treatments during the first 4 weeks
Plants were subjected to four different light qualities in a growth chamber at Ghent University, Belgium. Plants were grown for 4 weeks until newly initiated leaves were fully formed under the different light qualities. Light was supplied with either LED lamps (Philips) and CID-800 programmable LED lighting system (CID Bio-Science) for the polychromic RB light or with light-emitting plasma lamps (Gavita) as a multispectral white light control. Treatments were separated with non-reflective curtains. The light treatments were blue (B, peak at 460 nm), red (R, peak at 660 nm), red with blue (RB, 60%/40%) and white (W, 300-800 nm) . Light intensity at the top of the canopy level was set at 100 μmol m −2 s −1 by adjusting the distance of the lamps. The light uniformity was verified by five-point measurements. The wavelength spectrum was recorded with a JAZ spectrometer (Ocean optics) ( Fig. 1 ). Plants received a photoperiod of 16 h. Air temperature in the growth chamber was maintained at AE22 C, relative humidity at 60-70% and plants were irrigated and fertilized with water soluble fertilizer (N:P: K = 4:1:2, EC = 1.5 dS m −1 ) twice a week.
Greenhouse conditions
Plants were then transferred to a computer-controlled greenhouse before sunrise (Melle, Belgium; 50 99 0 N; 03 78 0 E) on 17 May 2016 for Spathiphyllum and 16 June 2016 for Chrysanthemum. The four light quality pretreated plants were randomly placed on the same ebb/flood table and the labeled plants (further used in this study) were surrounded with non-labeled border plants (not used in further study but buffering the border effect). Air temperature was set at 22/18 C for day and night. Shading screens closed when irradiation was higher than 300 W m −2 (AE635 μmol PAR m −2 s −1 ). Plants were daily irrigated and received once a week fertigation (EC = 1.5 dS m −1 ). Temperature (PT100) and irradiation (Kipp and Zonen solarimeter) were continuously monitored (Hortimax MultiMa climate computer; Table 1 ) and the temperature and light intensity fluctuations for the first (t 1 ) and eighth day (t 8 ) of greenhouse transfer are shown in Fig. 2 .
Photosynthesis and Chl fluorescence measurements
Photosynthesis and Chl fluorescence were measured on the last day in the growth chamber (t 0 ) and in greenhouse conditions on successive days [days (= t) 1, 2, 5 and 8 for Chrysanthemum and days 1, 2, 3, 4 and 8 for Spathiphyllum] to study the effects of leaf acclimation. For these measurements, we randomly selected four plants per treatment and species. The third fully expanded leaf from the apex for Chrysanthemum and the second leaf from the apex for Spathiphyllum was labeled. On the first day of transfer to the greenhouse (t 1 ), the daily Chl fluorescence pattern was also recorded (every 2 h from 10:00 to 18:00 h). After 1 month (t 30 ), photosynthesis and Chl fluorescence were measured again but then on the youngest fully developed leaf under greenhouse conditions with four replicate plants in order to study if there were remaining effects on newly developed leaves. Leaf gas exchange was measured using the Li-6400 portable gas exchange system (LiCor Inc.). The CO 2 concentration entering the leaf chamber was adjusted to 400 μmol mol −1 supplied by a CO 2 gas container, and leaf temperature and PPFD (photosynthetic photon flux density) were maintained at 22 C and 600 μmol m −2 s −1 , respectively. Leaves were clamped in the leaf chamber until a steady-state photosynthetic rate was reached (3-5 min) and then the gas exchange parameters were obtained by averaging the records of a 2-min period.
Chl a fluorescence was measured using a portable amplitude modulation fluorometer (PAM-2500, Walz). The leaf was dark-adapted for 30 min, after that, a 0.6-s saturating light (3450 μmol m −2 s −1 ) was provided to obtain the maximal and minimal fluorescence yield (F m and F 0 ). Then, the leaf was light-adapted for 5 min with continuous actinic light at 600 μmol m −2 s −1 and saturating pulses every 25 s, and the maximum (F m 0 ) and the steady-state fluorescence (F s ) signal were recorded. The actinic light was turned off and a far-red pulse was applied to obtain the minimal fluorescence after PSI excitation (F 0 0 ). The maximum photochemical efficiency of PSII (F v /F m ) was calculated as F v /F m = (F m − F 0 )/F m , PSII operating efficiency (Φ PSII ) was calculated as (F m 0 − F s )/F m 0 , photochemical quenching (qP) was calculated as qP = (F m 0 − F s )/ (F m 0 − F 0 0 ) and non-photochemical quenching (NPQ) was calculated as NPQ = (F m − F m 0 )/F m 0 (van Kooten and Snel 1990, Baker 2008) . The sum of all yields for dissipative processes for the energy absorbed by PSII is unity: (Kramer et al. 2004) , where Φ PSII indicates the quantum yield of PSII electron transport, Φ NPQ is the quantum yield of NPQ and Φ NO is the quantum yield of non-regulated energy dissipation.
The RLC was determined with the portable amplitude modulation fluorometer (PAM-2500, Walz) according Light intensity was measured outside the greenhouse with a solarimeter, recalculated to PAR light and reduced by 10% to account for the transmission losses of the glass cover, for the time points that the shading screen was closed and light intensity was reduced by 45% (reduction of the screen). Temperature was measured inside the greenhouse.
to Ralph and Gademann (2005) . It was conducted on t 0 and t 8 . F 0 and F m were obtained as described above from dark-adapted leaves. The leaves were exposed to a gradual increase of irradiance in eight steps with 10 s intervals ranging from 0 to 2000 μmol photons m −2 s −1 , each irradiance step was separated by a 0.8-s saturating flash. The fluorescence signal was recorded and the RLC was fitted. Electron transport rate (ETR) was calculated as ETR = Φ PSII × PAR × 0.5 × 0.84, with PAR as the actinic irradiance, 0.5 accounts for the fraction of excitation energy distributed to PSII and 0.84 was the assumed fraction of incident quanta absorbed by the leaf (White and Critchley 1999, Baker 2008) . The light response of the plant was characterized by fitting the model of Platt et al. (1980) to ETR vs I (PPFD) curves and by estimating the parameters α (initial slope of the light curve) and ETRmax (maximum electron transport rate), and the light saturation I k (irradiance at the onset of light saturation) was calculated by I k = ETR max /α.
Leaf Chl content
Leaf Chl content was analyzed on a leaf that fully developed under a light quality treatment (t 0 ) and the leaves at the same position after acclimation in the greenhouse (t 8 ) were sampled. Four plants per treatment (plants that were not labeled for Chl fluorescence, photosynthesis or biomass) were used for sampling. Pigments were determined using the method described by Lichtenthaler and Buschmann (2001) . Homogenized leaf material was extracted with 80% aqueous acetone overnight at −20 C. Absorption at 645 nm (A 645 ) and 663 nm (A 663 ) was measured with an Infinite 200 spectrophotometer (Tecan Group Ltd) and Chl was calculated as: Chl a = 12.25 × A 663 − 2.79 × A 645 ; Chl b = 21.50 × A 645 − 5.10 × A 663 .
Growth analysis
Plant growth parameters prior to the greenhouse transfer and after a growth period of 30 d in the greenhouse were recorded. The aerial dry weight was determined after 4 weeks under the LED treatments (t 0 ) and after 1 month (t 30 ) in the greenhouse. Shoots' fresh weight was determined and then oven-dried at 85 C for 3 d (until a constant weight was reached) to obtain the dry weight. The absolute growth rate (AGR) on the basis of biomass was calculated between the two time points. Measurements were done in four plant replicates.
At the same time points, the third fully expanded leaf from the apex was taken on four lateral branches for each Chrysanthemum plant and the second leaf from the apex in Spathiphyllum, this in four replicates. Digital photographs of each individual leaf placed on millimeter paper were taken to analyze the leaf area with IMA-GEJ (NIH) (Rueden et al. 2017) . After that, the leaves were oven-dried for 72 h to obtain the dry weight. Leaf mass per area (LMA) was calculated as leaf dry weight/leaf area. Plant height was measured with a ruler (accuracy at 1 mm) for Chrysanthemum. Because Spathiphyllum is a monocot and only rosette leaves were present/formed, height was not measured for this species.
Data analysis
Data are reported as means AE SE. Results were analyzed using SPSS statistical software Version 24 (IBM), graphs were made using SigmaPlot 13.0 (Systat Software), analyses were carried out using one-way ANOVA and significant differences were separated with Tukey's HSD test (P = 0.05).
Results
Characterization of the photosynthetic efficiency after 4 weeks under LED (t 0 )
Leaf photosynthetic capacity was assessed by the RLC approach. The ETR curves follow the classical shape of the photosynthesis light response curves with a linear rise followed by a plateau for both species (Fig. 3 ). However, depending on the light quality treatment, the light response was different for Chrysanthemum and Spathiphyllum ( Fig. 3 , Table 2 ).
For Chrysanthemum, the R and B light treatments reached a plateau at 500 μmol m −2 s −1 while RB and W saturated at higher light levels (800 μmol m −2 s −1 ). The slope of the light response (α) showed no significant influence and ranged between 0.391 and 0.413. ETR max was greatest for leaves developed under W followed by RB and significantly lower for B and R. I k was greatest for W and significantly lower for B and R (Table 2) . qP decreased with increasing light intensity. However, leaves that developed under W maintained a higher qP for each light level, followed by RB, while no differences between R and B were observed. NPQ increased with increasing light intensity, heat dissipation was highest for W followed by RB and R, while heat dissipation was lowest for R ( Fig. 3) .
Analysis of fluorescence quenching parameters was assessed for light intensities from 0 to 2000 μmol m −2 s −1 . Φ PSII showed slightly steeper lines in the monochromatic R and B treatments for Chrysanthemum leading to a lower light intersection with Φ NPQ (Fig. S1A ,C,E,G) . Φ NO remained stable when the light irradiation was higher than 500 μmol m −2 s −1 but was the lowest for the Wadapted leaves. Decreases in Φ PSII with increasing light intensity induced an increase in both thermal (Φ NPQ ) and other non-photochemical losses (Φ NO ) ( Fig. 4) . Thermal dissipation was highest for W followed by RB and lowest for B and R for values of Φ PSII lower than 0.6. The dissipation of energy to Φ NO was lowest for W, followed by RB, while it reached values around 0.5 for B and R when Φ PSII ranged between 0.1 and 0.4 ( Fig. 4) .
For Spathiphyllum, all light treatments reached a plateau at 800 μmol m −2 s −1 (Fig. 3 Table 2 ). The decrease in qP was not affected by light quality for light intensities up to 500 μmol m −2 s −1 . For higher light intensities, B tended to result in higher qP values. NPQ increased to a higher level for RB and W, while heat dissipation was lower for leaves that developed under R and B (Fig. 3) .
Analysis of fluorescence quenching parameters showed that Φ PSII decreased steeper for W resulting in a lower light intersection with Φ NPQ than the other light Different letters indicate significant differences between the light qualities for a given PAR level using Tukey's HSD test (P = 0.05). No significant differences between treatments when no letter is given. treatments ( Fig. S2A ,C,E,G). Decreases in Φ PSII with increasing light intensity induced an increase of both Φ NPQ and Φ NO (Fig. 4) . Φ NPQ was lowest for R, while no differences between the other light treatments were present. The dissipation of energy to Φ NO was highest for R and reached values between 0.45 and 0.50 when Φ PSII ranged between 0.1 and 0.5 (Fig. 4) .
Short-term responses to high light intensities in the greenhouse
The first day of acclimation to the greenhouse environment of Chrysanthemum was characterized by fluctuating light intensities up to 600 μmol m −2 s −1 and temperatures above 30 C (Fig. 2) . F v /F m was lowest for Table 2 . RLC parameters for Chrysanthemum and Spathiphyllum after a 4-week light quality treatment (t 0 ) and after a 1-week acclimation in the greenhouse (t 8 ). Data are means AE SE of three replicates. Means followed by different letters indicate significant differences according to Tukey's HSD test at P = 0.05.
Species
Light quality leaves that developed under R compared to other light qualities, although this was not always significant (not at 12:00 and 16:00 h). Likewise, Φ PSII was mainly lower under R, although this was not consistent for all time points (Fig. 5 ). Overall, NPQ did not significantly differ between the light qualities (data not shown) and values were low (<0.15).
The first day of acclimation to the greenhouse environment of Spathiphyllum was characterized by light intensities lower than 600 μmol m −2 s −1 and temperatures between 26 and 28 C before 12:00 h followed by higher light levels up to 750 μmol m −2 s −1 but lower temperatures (Fig. 2) . The diurnal changes of F v /F m and Φ PSII during the daytime are given in Fig. 5 . F v /F m was lowest for R at all timepoints (significant at 10:00, 14:00 and 18:00 h). F v /F m for the other light qualities was not significantly different, although B tended to be higher. The first measuring point (10:00 h) is characterized by a sharp increase in natural PPFD. When measuring Φ PSII at this time point, the lowest values were found for R and W followed by RB and highest values were observed for leaves that developed under B. Two hours later (12:00 h), both B and R had the lowest values. During afternoon (14:00 and 16:00 h), the lowest values continued to be found for R compared to the other light quality treatments. Late afternoon, when both light intensity and temperature started to decrease, no significant effects between the treatments were found. NPQ values were small (<0.20) and did not significantly differ between the light qualities (data not shown).
Evolution of the photosynthetic acclimation during the first week of transfer to the greenhouse Acclimation dynamics of photosynthetic rate (P n ), F v /F m and Φ PSII are shown in Fig. 6 . On the first day in the greenhouse, for Chrysanthemum, the photosynthetic rate was significantly lower under R (6.73 μmol m −2 s −1 ) followed by B (8.56 μmol m −2 s −1 ) while higher rates were measured for W and RB (10.64 and 10.71 μmol m −2 s −1 , respectively). After 1 week, P n of Chrysanthemum leaves that had developed under R and B increased to 9.03 and 11.82 μmol m −2 s −1 , respectively. Despite this trend, leaves under R yielded the lowest P n values for all dates. For RB and W, P n did not show a clear increasing trend. Likewise, F v /F m of R-grown plants was significantly lower compared to other light qualities, while no significant differences were present for Φ PSII .
Photosynthetic rates were lower for Spathiphyllum compared to Chrysanthemum (Fig. 6 ). On the first day of the transfer to the greenhouse, the lowest P n was observed under RB. If one observes, however, at the trend during the following days, leaves developed under R yielded the lowest P n and on average leaves that developed under B yielded the highest P n . For all treatments, an increase in P n over time was noted indicating acclimation of the leaves to the greenhouse environment. After 8 d of acclimation, no difference between B, RB and W was present.
F v /F m varied between 0.70 and 0.75 for Spathiphyllum (Fig. 6 ). Light quality affected F v /F m : it was the highest for B during the first 4 d after the greenhouse transfer followed by W; RB increased during the first 4 d and reached the same value as B after 8 d. After 1 week, F v / F m was still the lowest for R-grown plants compared with other light qualities. Φ PSII was significantly greater for RB and W compared with R and B the first day of transfer but was also characterized by fluctuations despite all measures were taken between 9:00 and 10:00 h when light intensities and temperature were still relatively low. Eight days after the transfer to the greenhouse, the lowest Φ PSII values were still found for plants grown under R and Values are the means of four replicates with SE shown by vertical bars. Different letters indicate significant differences between the light qualities per day using the Tukey's HSD test (P = 0.05). No significant differences between treatments when no letter is given.
surprisingly also under W while B and RB had the highest values.
RLC after 1 week of acclimation in the greenhouse (t 8 )
The RLCs of ETR after 1 week of acclimation is shown in Fig. 7 . For Chrysanthemum, ETR max was highest for leaves acclimated under W and RB followed by B and lowest under R (P = 0.053). The initial slope of the light curve (α) was greatest under W followed by RB and decreased significantly for B and R. I k was significantly lower under R compared with RB and W. For Spathiphyllum, ETR max was the highest under B followed by RB and W and significantly lower for R; α was highest under W and RB and decreased under R; I k was greatest for B, declined under R; and RB and was significantly lower for leaves acclimated under W.
For Chrysanthemum, qP decreased with increasing light intensity, although the lowest values were found for Rdeveloped leaves now exposed to ≥500 μmol m −2 s −1 followed by B while it was higher for RB and W. NPQ was significantly greater for leaves that developed under R, while the other treatments did not differ. In Spathiphyllum, qP was the lowest for R and W, while it was the greatest for RB, and B was intermediate. R-developed leaves generated more NPQ when light intensity was <1500 μmol m −2 s −1 , although for the highest light intensities, both R and B resulted in higher heat dissipation.
Analysis of CF (chlorophyll fluorescence) quenching parameters was assessed for light intensities from 0 to 2000 μmol m −2 s −1 . After 1 week of acclimation (t 8 ), the decrease of Φ PSII with increasing light intensity was still slightly steeper for monochromatic R and B treatments for Chrysanthemum leading to a lower light intersection with Φ NPQ and Φ NO (Fig. S1B,D,G,H) . Decreases in Φ PSII with increasing light intensity induced an increase in both thermal (Φ NPQ ) and other nonphotochemical dissipation (Φ NO ) (Fig. 8) . Φ NPQ was not affected by light quality pretreatments and Φ NO was clearly lowest for R compared to the other light qualities for a given value of Φ PSII (Fig. 8) . At t 8 , the increase of Φ NO was relatively low with increasing light intensity in comparison with t 1 (Φ NO lower than 0.4; Fig. S1B,D,F,H) . Analysis of CF quenching parameters of Spathiphyllum showed that Φ PSII decreased steeper for R and W resulting in a lower light intersection with Φ NPQ than the other light treatments (Fig. S2B,D,F,H) . Decreases in Φ PSII with increasing light intensity induced an increase in both thermal (Φ NPQ ) and other non-photochemical dissipation (Φ NO ) (Fig. 8) . Φ NPQ was not affected by light quality pretreatments with changing Φ PSII . Dissipation of energy to Φ NO was in a lower range (0.35-0.40) in comparison with t 1 (0.45-0.50), and Φ NO was highest for W followed by RB and lower in B and R when Φ PSII ranged between 0.1 and 0.5 (Fig. 8) .
Chl content
Chl pigments were measured just before the transfer to the greenhouse and after 8 d of acclimation in greenhouse conditions (Table 3) . At day 0, the light quality had affected the total Chl content but not the Chl a/b ratio. The highest concentration was found under RB followed by W, while the lowest concentration was for both monochromatic B and R. After 8 d in the greenhouse, the effect of the light pretreatments on Chl content was no longer measurable. For Spathiphyllum, much lower total Chl concentration and higher Chl a/b ratio were observed in comparison with Chrysanthemum. Light quality did not affect total content or the Chl a/b ratio. However, after 1 week of acclimation in the greenhouse, a significant decrease for leaves developed under R was observed, while no significant changes in the other light treatments took place. Long-term effects after 30 d in the greenhouse After 1 month, new leaves had developed under the greenhouse conditions. As expected, those new leaves did not differ with respect to their photosynthetic rate, F v /F m or Φ PSII (Table 4 ). Differences between species were, however, evident with higher P n , F v /F m and Φ PSII in Chrysanthemum than Spathiphyllum. For Chrysanthemum, no effect of the light quality treatments at t 0 was observed, though 30 d (t 30 ) later dry weight was significantly lower for R, intermediate for B and RB and highest for W (Table 5 ). This was also reflected in the AGR which were lowest after R and highest for W. Light quality also affected the shoot length: at t 0 the tallest plants were under B and W, while shoot length was reduced by both R and RB. At t 30 , the stimulating effect of B was still visible as found by an increase in total shoot length and height (Table 5) . Leaf characteristics were also affected by light quality (Table 6) , the lowest leaf expansion was observed for plant pre-grown under RB, while B and W resulted in the highest leaf area. The highest LMA was under RB, followed by W and significantly lower LMA was observed under B and R. Leaf area of newly formed leaves after 30 d as well as the LMA did not differ.
In Spathiphyllum, light quality did not affect the dry weight at t 0 nor at t 30 though it tended to result in lower dry weight under R; as a result, AGR was also relative similar (Table 5 ). Red light tended to result in the highest leaf area (t 0 ), though the effects were not significant. No effects were observed for the newly formed leaves in greenhouse conditions (t 30 ) ( Table 6 ). The greatest LMA was under W followed by RB and significantly lower under R and B at t 0 . After 30 d, no effects were visible. LMA was clearly higher in Spathiphyllum compared to Chrysanthemum. LMA of leaves developed under a specific light quality treatment (t 0 ) and in full sunlight (t 30 ) resulted in no significant differences (P = 0.56) for Chrysanthemum, while an increase (P < 0.01) in LMA was observed for Spathiphyllum leaves that developed in full sunlight (t 30 ).
Discussion
Plant leaves that develop under a specific light quality and intensity are adapted to this environment, including changes in structure, function and efficiency of the photosynthetic machinery (Wagner et al. 2008 , Tholen et al. 2012 , Talhouët et al. 2019 ). These variations directly affect the efficiency of the photosynthetic light reactions and, therefore, acclimation to changes in the light environment. In natural environments, such as a forest understory, changes in light may range from transitory changes caused by sunflecks to more sustained changes that occur when gaps are formed or when canopies develop. Acclimation changes to full sunlight involve several responses including minimizing photoinhibition and increasing the photosynthetic capacity of leaves that previously developed in shade and/or maximize the production of newly formed leaves in a sunny environment (Lavinsky et al. 2014 , Sanches et al. 2016 .
In our study, we monitored the acclimation of leaves that developed under narrow band spectral light (R, B and RB) as well as a multispectral control (W) to the fluctuating light and temperature conditions of the greenhouse environment. The effects of light quality on ETR max differed between the species: for Chrysanthemum, W-and RB-grown leaves resulted in higher values, while for Spathiphyllum B and RB yielded the highest ETR max. These different responses are also reported in literature. Some plants (group 1) react better to dichromatic or multispectral light for the development of the PS as observed for Sambucus nigra (Cooney et al. 2015) , lettuce (Fu et al. 2012 , Wang et al. 2016 ) and cucumber leaves (Savvides et al. 2012) . In this group, W-and RBgrown leaves might be better adapted to the change to Table 6 . Leaf area and LMA of Chrysanthemum and Spathiphyllum after a 4-week light quality treatment (t 0 ) and after a 1-month acclimation in the greenhouse (t 30 , newly developed leaves). Data are means AE SE of four replicates. Means followed by different letters indicates significant differences according to Tukey's HSD test at P = 0.05.
Species
Light treatment Leaf area t0 (cm 2 ) Leaf area t30 (cm 2 ) LMA t0 (g m −2 ) LMA t30 (g m −2 ) sunlight and therefore acclimate better, which is consistent with P n during the first day in the greenhouse for Chrysanthemum (Fig. 6) . Plants belonging to group 2 respond positively to monochromatic blue or high percentages blue in the light spectrum as found for Spathiphyllum. Terfa et al. (2013) reported that higher blue ratios in the spectrum were beneficial for the development of the photosynthetic apparatus in Rosa × hybrida and Shengxin et al. (2016) suggested that rapeseed leaves grown under pure blue or a high blue photon ratio showed higher ability to utilize high photon fluxes.
Leaves of pepper plants that developed under a higher blue light ratio better recovered after an ultraviolet (UV) stress treatment due to their higher amount of epidermal flavonols that work as a UV screen (Hoffmann et al. 2015) . The negative effects of R on the photosynthetic performance of both Chrysanthemum and Spathiphyllum resulted in the lowest ETR max . As already suggested in previous reports, monochromatic R irradiation inhibits the electron transport from PSII donor side to PSI (Miao et al. 2016) , thus inducing an imbalance of light energy distribution available for the PS (Tennessen et al. 1994) , and results in the inhibition of the photosynthetic performance and subsequent decline in photosynthetic efficiency.
On the first day of transfer to the greenhouse, leaves that developed under different light qualities might respond differently to this abrupt change in light environment. Exposure to excessive light intensities in the greenhouse (600-800 μmol m −2 s −1 ) compared with the preconditioning (100 μmol m −2 s −1 ) might lead to photoinhibition. F v / F m and photosynthesis are sensitive to light stress. Indeed, photoinhibition was observed on the first day of the greenhouse transfer, which is indicated by the relative low F v /F m values ( Fig. 5) (Baker 2008) and the reduced P n (which was more pronounced after a R and B pretreatment; Fig. 6 ). The response of both sun (Chrysanthemum) and shade species (Spathiphyllum) with respect to diurnal changes of F v /F m was similar: the diurnal pattern distinguished acclimation stress for leaves developed under R but for the other light quality pretreatments no difference in their response was found. Φ PSII decreased under R compared to the other light qualities in Spathiphyllum, although negative effects of R were less clear in Chrysanthemum (Fig. 5) . As leaves were under sunlight, the negative effects of R cannot be attributed to imbalances in light energy distribution between PSII and PSI, but are probably the result of adverse effects on leaf structure and thylakoid development under R (Trouwborst et al. 2016) , as monochromatic R has been suggested to damage the photosynthetic machinery (Savvides et al. 2012) .
Another approach to understand the acclimation differences is given by the quenching analysis prior to the greenhouse transfer (t 0 ). Effects of light quality on NPQ were mainly not significant (data not shown) in both Chrysanthemum and Spathiphyllum, which might indicate that both plant species used other ways to dissipate the excessive energy by other non-photochemical losses (Φ NO ). Φ NPQ indicates the proportion of the absorbed light energy that is dissipated as heat, which is a reversible downregulatory mechanism against photoinhibition. Φ NO represents the quantum yield of non-regulated energy dissipation. The increase in non-heat loss (Φ NO ) of AE50% under R and B in Chrysanthemum and AE45% under R in Spathiphyllum indicates their higher susceptibility for photodamage when leaves are exposed to higher irradiances (Calatayud et al. 2006) . Lower Φ NPQ ratios will result in reduced photoprotective effects as the rate of photodamage and excitation dissipation by basal dissipation mechanisms (Φ NO ) are correlated (Kato et al. 2003) . Trouwborst et al. (2016) and Miao et al. (2016) also reported a more pronounced Φ NO under monochromic R than RB in cucumber leaves. Eight days later, the negative effects of R and the higher risk of photoinhibition are still visible in both species although to a lesser extent.
Comparing the parameters of the RLCs between day 0 and day 8, Chrysanthemum leaves acclimated differentially to the greenhouse conditions. ETR max and I k increased for all light qualities, although the light quality effects remained visible. RB and W reacted similarly and reached the highest ETR max values, yet the proportional increase was 60% for RB, 36% for W, 47% for B and 28% for R. The increase for R-pretreated leaves remained the lowest indicating that the recovery capacity for these leaves was hampered by their leaf structure as suggested by Oguchi et al. (2003) . In contrast, Spathiphyllum leaves (shade species) had problems to acclimate to the higher light intensities of the greenhouse, only B-pretreated leaves maintained the same level as t 0 . The RLC parameters (ETR max , α and I k ) tended even to decrease slightly for the other light qualities. This effect is likely linked to the fact that Spathiphyllum is a facultative shade species (Gamboa et al. 2009 ), high illumination beyond the saturation level of Spathiphyllum leaves caused photooxidative stress, which is indicated by the high proportion of Φ NO during the first week (40-50%), which increases the risk of generation of reactive oxygen species and thereby damages to photosynthetic thylakoid membranes (Takahashi and Badger 2011) .
The general trend we observed during the first week in the greenhouse was an increase in photosynthetic rate. One-week acclimation was insufficient to restore the photosynthetic capacity of leaves developed under R to the same levels as the other treatments both for Chrysanthemum and Spathiphyllum. On the basis of the time course of F v /F m and Φ PSII , it seems that Spathiphyllum has more difficulties to acclimate to the new full spectrum environment than Chrysanthemum.
LMA is regularly used in growth analyses and is affected by both anatomy (the number of cell layers and cell size) and cell content (Poorter et al. 2009 ). Newly developed leaves of Spathiphyllum at t 30 resulted in an increased LMA compared to that of t 0 , this could be attributed to the positive effect of the full spectrum on leaf development. For Chrysanthemum, a 4-week light quality treatment did not affect the dry weight. However, after 1 month in the greenhouse, the cumulative effects of the acclimation period resulted in the highest biomass under W and lowest under R. B-treated plants could acclimate to the greenhouse environment in a similar way as RBtreated plants. Monochromic R as well as the RBpretreated Chrysanthemum plants had a persistent difference in plant morphology as we still recorded a reduced plant height after 1 month in greenhouse conditions. Smaller differences for Spathiphyllum were recorded and the increase in biomass tended to be smaller for the monochromatic R and B. A light quality treatment during the young phase could thus open opportunities for modifying plant photomorphogenesis, including plant architecture (Dierck et al. 2017) . As monocot species, Spathiphyllum only forms rosette leaves, therefore, this is more applicable to Chrysanthemum. Further investigation is needed to study the effects of light pretreatment on architectural development.
Conclusions
We show here, for the first time, the acclimation properties of plants grown under a narrow light band (R, B and RB) to greenhouse conditions. We observed the responses of a sun species (Chrysanthemum) and a shade species (Spathiphyllum). It is clear that light quality changed the leaf and thylakoid characteristics and this will influence the acclimation ability to a full spectrum greenhouse environment.
Leaves that developed under monochromatic red light in Chrysanthemum and Spathiphyllum had an irreversible inhibition of their photosynthetic functions compared to the white control. We hypothesized that blue light would be beneficial in the adaptation phase, but this was only partially observed. Blue light-grown Chrysanthemum leaves acclimated at the same level (or higher) in comparison to RB and W as assessed by P n , F v /F m and Φ PSII . However, looking at the dry weight, it seems that pretreatment with monochromatic B does not yield the same biomass as when grown with W. This tendency is also observed in Spathiphyllum. Light quality effects on photomorphogenesis are still visible after 1 month of transfer in full sun environment, which would be of interest to future horticultural applications. 
Supporting information
Additional supporting information may be found online in the Supporting Information section at the end of the article. .   Table S1 . The leaf anatomical characteristics of Chrysanthemum at t 0 for the four different LED treatments: R, B, RB and W.
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